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Electron pitch angle (Daa) and momentum (Dpp) diffusion coefficients have been calculated due to

resonant interactions with electrostatic electron cyclotron harmonic (ECH) and whistler mode chorus

waves. Calculations have been performed at two spatial locations L¼ 4.6 and 6.8 for electron

energies �10 keV. Landau (n¼ 0) resonance and cyclotron harmonic resonances n¼61, 62, … 65

have been included in the calculations. It is found that diffusion coefficient versus pitch angle (a)

profiles show large dips and oscillations or banded structures. The structures are more pronounced for

ECH and lower band chorus (LBC) and particularly at location 4.6. Calculations of diffusion

coefficients have also been performed for individual resonances. It is noticed that the main

contribution of ECH waves in pitch angle diffusion coefficient is due to resonances n¼þ1 and

n¼þ2. A major contribution to momentum diffusion coefficients appears from n¼þ2. However,

the banded structures in Daa and Dpp coefficients appear only in the profile of diffusion coefficients

for n¼þ2. The contribution of other resonances to diffusion coefficients is found to be, in general,

quite small or even negligible. For LBC and upper band chorus waves, the banded structures appear

only in Landau resonance. The Dpp diffusion coefficient for ECH waves is one to two orders smaller

than Daa coefficients. For chorus waves, Dpp coefficients are about an order of magnitude smaller

than Daa coefficients for the case n 6¼ 0. In case of Landau resonance, the values of Dpp coefficient

are generally larger than the values of Daa coefficients particularly at lower energies. As an aid to the

interpretation of results, we have also determined the resonant frequencies. For ECH waves, resonant

frequencies have been estimated for wave normal angle 89� and harmonic resonances n¼þ1, þ2,

and þ3, whereas for whistler mode waves, the frequencies have been calculated for angle 10� and

Landau resonance. Further, in ECH waves, the banded structures appear for electron energies

�1 keV, and for whistler mode chorus waves, structures appear for energies >2 keV at L¼ 4.6 and

above 200 eV for L¼ 6.8. The results obtained in the present work will be helpful in the study of

diffusion curves and will have important consequences for diffuse aurora and pancake distributions.
VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4944920]

I. INTRODUCTION

Pitch-angle diffusion of plasma-sheet electrons into the

atmospheric loss-cone leads to an electron precipitation pro-

ducing diffuse aurora.1 Scattering of electrons is predomi-

nantly controlled by resonant wave-particle interactions. Two

important plasma wave modes that are mainly responsible for

these interactions are whistler mode chorus waves and electro-

static electron cyclotron harmonic (ECH) waves. Whistler

mode chorus waves are electromagnetic waves that propagate

in the right-handed polarized whistler mode with frequency

below electron gyro-frequency (fce). These waves typically

occur in two frequency bands: 0.1–0.5 fce and 0.5–0.8 fce

called lower band chorus (LBC) and upper band chorus

(UBC), respectively, with an emission gap at 0.5 fce.
2–5 They

propagate in general parallel or quasi-parallel to the ambient

magnetic field. Some of earliest observations found that the

wave normal angles (h) for LBC were field aligned within a

cone of angles less than 20� near the equator and became

more oblique with increasing latitude.6 Several case events

revealed large angles h¼ 30�–45�. For UBC, the angle h was

typically up to about 50�. More recent studies7 show that the

highest probability of occurrence is for wave normal angles

less than 42�. Nightside chorus also tends to propagate with

wave normal angles smaller than those for dayside chorus.

ECH waves are electrostatic emissions observed in bands

between the harmonics of the electron gyro-frequency and are

sometimes called “nþ 1/2” waves since the emissions tend to

appear close to the odd integral half harmonics of the fce.

These waves propagate at very large angles with respect to the

ambient magnetic field.8 Pitch-angle diffusion by ECH waves

has been studied in several works.9–15 Pitch-angle diffusion

by whistler mode chorus waves has also been studied exten-

sively.13,16–20 In a very recent study,21 calculations of pitch-

angle diffusion coefficients have been performed due to both

ECH and whistler mode chorus waves in the course of studies

related to the electron distribution function formation in the
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L-shell corresponding to the diffuse aurora region. Local dif-

fusion coefficients have been calculated for electron energies

between 1 eV and 10 keV at energy grid spacing of 1 eV and

at 135 pitch-angles between 0� and 90�. Calculations have

been performed at two spatial locations, L¼ 4.6 and 6.8.

These are presented in Figs. 1 and 2. An important finding of

the diffusion coefficients calculations is the appearance of

structures, particularly large dips, oscillations, and gaps in

profile of diffusion coefficients versus pitch angle (PA). These

so called banded structures are more pronounced for ECH and

LBC waves at location 4.6 as may be noted from Fig. 1.

Furthermore, to complete the present study, we have also cal-

culated and analyzed the momentum and energy diffusion

coefficients for ECH and whistler mode waves. Although

much work has already been done on this topic22–24 involving

chorus waves at relativistic electron energies in the outer radi-

ation belt, we present a comparative analysis of structures in

pitch-angle and momentum diffusion coefficients at electron

energies �10 keV. The objective of the present study is to

investigate the origin of banded structures in diffusion coeffi-

cients due to ECH and whistler mode waves. These studies

would help to draw significant conclusions on the effect that

these waves have on electrons.

The paper is organized as follows: Expressions for diffu-

sion coefficients for ECH and whistler mode waves are given

in Section II. Section III presents the details for calculating

resonant frequencies due to resonant wave-particle interac-

tions. All results are discussed in Section IV, and Section V

presents conclusions of the present study.

II. DIFFUSION COEFFICIENTS

A. ECH waves

The pitch-angle diffusion coefficients for electrostatic

ECH waves, in units of per second, are given as9

Daa ¼
X1

n¼�1

ð
k?dk? wn;k

n Xe=xkð Þ � sin2 a
sin a cos a

� �2
" #

kk¼kkres

;

(1)

where

wn;k ¼
e2

4 p m2
e

jEkj2

V

xk

jkj

� �2 J2
n k?v?=Xeð Þ

v4 jvk � @xk=@kkj
; (2)

k? and kjj are the components of the wave vector perpendic-

ular and parallel to the ambient magnetic field Bo, respec-

tively, kres¼ (xk – nXe)/vjj is the resonant parallel wave

number, Xe¼ jeBo/mej is the (angular) electron gyrofre-

quency, xk is the wave frequency as a function of k, Ek is

the wave electric field at each k, and a and v are the particle

pitch-angle and velocity, respectively. V is plasma volume,

e/me is the electron charge to mass ratio, and Jn is the Bessel

function of order n. We express the wave electric field Ek in

the form16

jEkj2 ¼ ½V=N ðxÞ�E2ðxÞ gxðhÞ; (3)

where

E2 xð Þ ¼ E2
wave

f xð Þð
f xð Þ dx

(4)

and

gx hð Þ ¼ exp � x� xo

xx

� �2
" #

: (5)

Here, x¼ cos h, h is the wave normal angle (the angle

between Bo and k), xo¼ cos 89�, gx(h) gives the variation of

wave electric field energy with wave normal angle. The pa-

rameter xx determines the angular width of the wave electric

field energy. It is set equal to 0.01. The function f(x) deter-

mines the distribution of wave energy with wave frequency.

It is obtained by solving the dispersion relation for electro-

static ECH waves,13 and N(x) is the normalization constant.

Solution of the hot plasma dispersion relation has been

provided in an early work.10 In this work, HOTRAY code25

is used to solve the linear dispersion relation for electrostatic

waves generated by loss-cone distribution and wave disper-

sion and temporal growth rates are obtained. It is found that

the peak growth rate occurs for propagation at h � 89� and

decreases sharply with decreasing (and increasing) the angle

FIG. 1. Pitch angle diffusion coefficients (Daa) versus pitch angle (a) corresponding to energies from 1 eV to 10 keV for ECH (first column), LBC (second col-

umn), and UBC (third column), as well as their SUM (last column) at L¼ 4.6.

042101-2 Tripathi et al. Phys. Plasmas 23, 042101 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  128.183.168.166 On: Fri, 24 Jun

2016 13:29:19



h with an angular width Dh¼ 0.5�. The values of parameters

xo and xx used in the present work are generally consistent

with these calculations.

The momentum diffusion rate Dpp can be obtained by9

Dpp ¼ Daa
sin a cos a

nXe=xkð Þ � sin2 a

� �2

: (6)

Energy diffusion rate DEE is related to Dpp by

DEE ¼
Eþ 2 Eo

Eþ Eo

� �2

Dpp; (7)

where E is the kinetic energy and Eo is the rest energy of the

electron. For E� Eo, Eq. (7) is simply

DEE ¼ 4 Dpp: (8)

B. Whistler mode waves

Pitch-angle diffusion coefficients for whistler mode

waves are given16,26 in units of per second

Daa ¼
X1

n¼�1

ðxmax

0

x dx Dnx
aa; (9)

where x¼ tan h and Dnx
aa is given by

Dnx
aa ¼

p cos5 h Xe �sin2 a� nXe=xk

� �2 j/n;kj2

2 C1 w3=2j1þ nXe=xkj3 I xkð Þ

	 f xð Þ gx xð Þ 1� 1

vk

@xk

@kk
jx

 !�1

kk¼kres

	 Xe

B2
wave

B2
o

 !
;

(10)

where Bwave is wave magnetic field, f(x) is the wave mag-

netic field spectral density, and gx(x) gives the wave normal

distribution. C1¼
Ð

f(x)dx. f(x) is obtained by solving the

dispersion relation for whistler mode waves.13 gx(x) is

expressed as

gwðxÞ ¼ exp½�ðx=xwÞ2�; (11)

where xx is set equal to 1.0 since the wave normal distribu-

tion of chorus wave power is generally broad.16,20 The

expression for j/n,kj2 is given by

j/n;kj2 ¼
D

l2 � S

� �2 l2 sin2h� P

l2

 !2

þ P cos h
l2

� �2

2
4

3
5
�1

	 l2 sin2h� P

2l2
1þ D

l2 � S

� �
Jnþ1

"

þ l2 sin2h� P

2l2
1� D

l2 � S

� �
Jn�1

þ Jncot a sin h cos h

�2

: (12)

For a two-component plasma consisting of electrons and pro-

tons under the high density approximation ((xpe/Xe)
2 
 x/

Xe, xpe is the electron plasma frequency), we write

l2 ¼
x2

pe

X2
e

1þM

M
w�1; M ¼ me=mp; (13)

w ¼ 1� x2
k

XpXe

� sin2 h
2

þ sin4 h
4
þ xk

Xp

� �2

1�Mð Þ2 cos2 h

" #1=2

; (14)

where mp is the mass of proton and Xp is the proton cyclo-

tron frequency,

P ¼ �
x2

pe

X2
e

X2
e

x2
k

1þMð Þ; (15)

S ¼ 1=2 ðRþ LÞ; D ¼ 1=2 ðR� LÞ; and

R

L

�
¼ 6

x2
pe

X2
e

Xe

xk

1þM

1�M7 xk=Xe � Xp=xk

� �
" #

: (16)

FIG. 2. Same as in Fig. 1 but for L¼ 6.8.
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Expressions for I(xk) and @xk

@kjj
jx are also obtained under the

high density approximation. The expressions of momentum and

energy diffusion coefficients are obtained using Eqs. (6)–(8).

During resonant wave-particle interactions, whistler mode

can hit the Landau resonance if oblique propagation effects are

included.27,28 The wave could hit more than one resonance,

that is, one resonance will amplify it (cyclotron) and the other

(Landau) will damp it. In the limit of exactly parallel propaga-

tion (i.e., h¼ 0), there cannot be Landau resonance between

electrons and whistler mode waves. Since wave propagation

at an angle to the magnetic field is included in the present

study, we calculate the diffusion rates for Landau (n¼ 0) and

61, … ,65 cyclotron harmonic resonances.

III. RESONANT FREQUENCIES

A. ECH waves

Resonant frequencies for given electron energy, pitch

angle, and wave normal angle can be obtained using the res-

onant condition and the dispersion relation for ECH waves.

The resonance condition is

kjj ¼ ðx� n Xe Þ= vjj; n ¼ 0;61;……:65 : (17)

The dispersion relation can be written as29

1 ¼
2 x2

pe

k

X1
n¼1

e�k In kð Þ n2

x2 � n2 X2
e

þxx2
pe cos2 h e�k

Xþ1
n¼�1

In kð Þ 1

x� n Xeð Þ3
; (18)

where k ¼ Tc k2
? =me X2

e and In(k) are modified Bessel func-

tion. Tc is the cold electron temperature. For ECH waves, the

wave power maximizes at h¼ 89� (Eq. (5)). The wave nor-

mal angle (h) is assumed to be 89�. Calculations of resonant

frequencies have been carried out for cyclotron harmonics

n¼þ1, þ2, and þ3.

B. Whistler mode waves

The dispersion relation for whistler mode waves for cold

plasma30 under the high density approximation is given as16

c2k2

x2
¼

x2
pe

X2
e

1þM

M
w�1; (19)

where w¼1� x2

Xp Xe
� sin2h=2þ½ sin4h=4þðx=XpÞ2ð1�MÞ2

cos2h�1=2 .

For given electron energy, pitch angle, and wave normal

angle, resonant frequencies can be obtained using the reso-

nant condition (Eq. (17)) and dispersion relation (Eq. (19)).

Calculations of resonant frequencies have been carried out

for Landau resonance for a representative wave normal angle

h¼ 10�.

IV. RESULTS AND DISCUSSION

In Figs. 1 and 2, we have presented pitch angle diffusion

coefficients (Daa) for different types of waves (ECH, LBC,

UBC) at two spatial locations L¼ 4.6 and 6.8, respectively.

These are shown as a color coded two dimensional image of

the diffusion coefficients in the pitch-angle�energy space. A

color table on the right corresponds to displayed values of

the Daa in the range from 1.0	 10�12 to 0.1 s�1. However,

all values below 1.0	 10�12 s�1 due to its insignificance are

not displayed and therefore there are gaps. Calculations of

diffusion coefficients are based on plasma parameters meas-

ured by PWE, LEPA, and fluxgate magnetometer onboard

the Combined Release and Radiation Effects Satellite

(CRRES).13,31 These physical parameters are for L¼ 4.6:

nc¼ 21.5 cm�3, Tc¼ 4 eV, Bo¼ 312 nT and for L¼ 6.8:

nc¼ 12.0 cm�3, Tc¼ 10 eV, Bo¼ 92.5 nT. The amplitude of

magnetic field for LBC and UBC waves is taken to be 10 pT,

and for ECH waves, a value of 1 mVm�1 is used. These val-

ues are within the range of observed wave database from

CRRES.32 Further, we have used the calculated temporal

growth rate profile13 to represent the wave spectral density

distribution in the calculation of diffusion coefficients for

ECH and whistler mode waves. Landau resonance (n¼ 0)

and cyclotron harmonic resonances n¼61, … 65 have been

included in the diffusion coefficients calculations.

In Fig. 1, it is noted that there are large dips, oscillations,

and gaps in the profile of Daa versus PA at energies �1 keV

for ECH and >2 keV for LBC waves. The structures can also

be seen in profile of Daa as shown in Fig. 2, although here

the structures are not so prominent. It may be noted from

Eqs. (1) and (10) that the PA variation in diffusion coeffi-

cient appears due to two sources. First, there is an explicit

dependence of diffusion coefficients on PA. Second, there is

an implicit dependence of diffusion coefficients on PA

through the resonant frequency �xr ð¼ xr=Xe Þ. Resonant fre-

quency depends on PA as can be seen in Eq. (17). To com-

plete the present study, we have also calculated momentum

diffusion coefficients (Dpp) at selected energies.

In Fig. 3, we present Daa (a) and Dpp (b) for ECH waves

at L¼ 4.6 for two electron energies 1 keV and 10 keV.

Diffusion coefficients at 10 keV are quite small. The banded

structures are seen at 1 keV in both Daa and Dpp coefficients.

In Figs. 4–6, we provide diffusion coefficients at L¼ 4.6 for

individual resonances n¼þ1, þ2, and þ3, respectively,

FIG. 3. Variation of pitch angle (Daa) and momentum (Dpp) diffusion coeffi-

cients with pitch angle for ECH waves at L¼ 4.6 corresponding to electron

energies 1 keV and 10 keV. (a) Daa and (b) Dpp.
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having the same energies (i.e., 1 and 10 keV). It is found that

Daa and Dpp at Landau (n¼ 0) resonance and other cyclotron

resonances are in general quite small or even negligible.

Further, the values of Daa and Dpp are not shown for 10 keV

in Figs. 5 and 6 since these are found to be negligible or

zero. It is seen that values of Daa for resonances n¼þ1 and

þ2 are comparable and one to two orders larger than values

at n¼þ3. However, coefficient Daa at n¼þ1 covers a much

smaller PA range as compared to that for resonance þ2. The

banded structures in the Daa profile are seen only in the case

of n¼þ2 resonance (Fig. 5). Banded structures at þ2 are also

seen for energy 8 keV (not shown). The values of Dpp at reso-

nance þ1 are several orders of magnitude smaller than the

values of Daa at the same resonance. However, the values of

Dpp cover a much wider PA range as compared to those of

Daa values. Values of Dpp for n¼þ2 are in general compara-

ble to those of Daa and show the banded structures similar to

those of Daa values. The values of Dpp for the case n¼þ3 are

again several orders of magnitude smaller than those of Daa

values. In Table I, we present the resonant frequencies of

ECH waves for L¼ 4.6 for resonances n¼þ1, þ2, and þ3

by considering the wave normal angle 89�. It is noted that the

resonant frequencies for n¼þ1 are in the region where the

wave power is large. The temporal growth rate profile of ECH

waves at L¼ 4.6 is in the range of normalized frequencies13

from 1.275 to 1.875.

Fig. 7 represents the variation of Daa and Dpp for ECH

waves at L¼ 6.8 having energies 1 keV and 10 keV. It is

observed that the banded structures are less prominent in this

case. Figs. 8–10 describe the variation of Daa and Dpp pro-

files for resonances n¼þ1, þ2, and þ3, respectively, corre-

sponding to the same L-shell and energies. It was found that

other resonances provide very small contribution to Daa and

Dpp profiles. The case n¼þ1 (Fig. 8) provides the maximum

contribution to the Daa profile and covers a small PA range.

The contributions of resonances n¼þ1 and þ2 are compa-

rable in the case of Dpp profiles. The contribution due to

n¼þ3 to Dpp profiles is much smaller. For the case of

n¼þ1, Dpp covers a much wider range of PA as compared

to the PA range covered by Daa profiles. Further, the magni-

tudes of Dpp coefficients are found one to two orders smaller

as compared to magnitudes of Daa coefficients. The banded

structures are seen for n¼þ2 (Fig. 9) both for Daa and Dpp

coefficients. In Table II, we present the resonant frequencies

of ECH waves at L¼ 6.8 for resonances n¼þ1, þ2, and þ3

at the energies 1 keV and 10 keV. It is noted that for n¼þ1,

resonant frequencies cover a wide PA range and exist in the

region where wave power is large. The temporal growth rate

profile of ECH waves at L-shell 6.8 covers the frequency

range 1.225 to 1.825.

In Figs. 11 and 12, we present the variation of Daa and

Dpp for LBC and UBC, respectively, corresponding to

FIG. 4. Same as in Fig. 3 but for cyclotron resonance n¼þ1. (a) Daa and

(b) Dpp.

FIG. 5. Same as in Fig. 3 but for n¼þ2. Values at 10 keV are negligible

and therefore not shown. (a) Daa and (b) Dpp.

FIG. 6. Same as in Fig. 3 but for n¼þ3. Values at 10 keV are negligible

and therefore not shown. (a) Daa and (b) Dpp.

TABLE I. Resonant frequencies (�xr Þ of ECH waves for L¼ 4.6 at various

PAs by considering three cyclotron harmonic resonances (n¼þ1, þ2, and

þ3) and wave normal angle 89� at two electron energies.

E

PA

0� 10� 20� 30� 40� 50� 60� 70� 80� 85�n

1 keV þ1 1.48 1.42 1.42 1.42 1.38 1.38 1.33 1.23 1.17 1.12

þ2 1.23 1.23 1.17 1.17 1.12 1.12 1.08 1.08 1.08 …

þ3 1.08 1.08 1.08 1.08 1.08 1.08 1.08 1.08 … …

10 keV þ1 1.77 1.77 1.73 1.73 1.67 1.62 1.58 1.48 1.33 1.23

þ2 1.97 1.97 1.97 1.97 1.97 1.97 … 1.27 1.08 1.08

þ3 1.38 1.38 1.33 1.27 1.23 1.17 1.12 1.08 1.08 1.08
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L¼ 4.6. Calculations have been performed for two energies

3 keV and 10 keV by considering Landau (n¼ 0) resonance

and all other cyclotron harmonic (n 6¼ 0) resonances. It may

be noted that Landau resonance shows dips and banded

structures in the Daa and Dpp profiles for LBC at both ener-

gies (Fig. 11), whereas the case (n 6¼ 0) shows a smooth

behaviour. In UBC, the structures are seen in the Landau

resonance for 10 keV only (Fig. 12). Further, the magnitude

of Dpp for 10 keV is one to two orders lower than the Daa

values. However, the magnitude of Dpp at 3 keV for Landau

resonance is higher than the values of Daa. Table III provides

the resonant frequencies at L¼ 4.6 for whistler mode waves

by considering Landau resonance having the wave normal

angle of 10�. It is observed from Table III that the resonant

frequencies for 10 keV are shifted to a range of higher pitch

angles �60� as compared to the values of 3 keV. This is con-

sistent with the profiles of n¼ 0 shown in Figs. 11 and 12.

FIG. 7. Variation of pitch angle (Daa) and momentum (Dpp) diffusion coeffi-

cients with pitch angle for ECH waves at L¼ 6.8 corresponding to electron

energies 1 keV and 10 keV. (a) Daa and (b) Dpp.

FIG. 8. Same as in Fig. 7 but for n¼þ1. (a) Daa and (b) Dpp.

FIG. 9. Same as in Fig. 7 but for n¼þ2. (a) Daa and (b) Dpp.

FIG. 10. Same as in Fig. 7 but for n¼þ3. (a) Daa and (b) Dpp.

TABLE II. Same as in Table I but for L¼ 6.8

E

PA

0� 10� 20� 30� 40� 50� 60� 70� 80� 85�n

1 keV þ1 1.38 1.38 1.38 1.33 1.33 1.27 1.23 1.23 1.12 1.12

þ2 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.08 1.08

þ3 1.12 1.12 1.12 1.12 1.12 1.12 1.12 1.08 1.08 1.08

10 keV þ1 1.67 1.62 1.62 1.58 1.58 1.52 1.48 1.38 1.27 1.17

þ2 1.97 1.97 1.97 1.97 … … 1.27 1.17 1.12 1.12

þ3 1.23 1.23 1.17 1.17 1.17 1.12 1.12 1.12 1.12 1.08

FIG. 11. Pitch angle (Daa) and momentum (Dpp) diffusion coefficients of

whistler mode (LBC) waves versus pitch angle for L¼ 4.6 at two energies

3 keV (solid line) and 10 keV (dashed line). Profiles are shown for Landau

(n¼ 0) and (n 6¼ 0) resonances. (a) Daa and (b) Dpp.
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Finally in Figs. 13 and 14, we present the Daa and Dpp

profiles for LBC and UBC waves, respectively, at L¼ 6.8.

Like L¼ 4.6, the calculations have been performed for

Landau (n¼ 0) and other cyclotron harmonic resonances

(n 6¼ 0) but for electron energies 500 eV and 1 keV. The reason

for choosing lower energies as compared to the L¼ 4.6 profile

is as follows. Resonant energy of the whistler mode wave is

controlled by the magnetic energy per particle EM¼ (Bo
2/8p

nc). The values of EM are 1.8 keV and 11 keV for L¼ 6.8 and

L¼ 4.6, respectively. It may be noted from Figs. 13 and 14

that dips and banded structures in Daa and Dpp profiles occur

only for Landau resonance. Further, the banded structure in

Landau resonance shifts to higher pitch angle �50� for

energy 1 keV in comparison to the case of energy 500 eV.

This behaviour is consistent with resonant frequencies for

L¼ 6.8 presented in Table IV. From this table, it may also

be noted that resonant frequencies for energy 10 keV shift to

still higher PA� 80� and fall outside the range of LBC and

UBC frequencies.

Pitch angle and energy diffusion by whistler mode

waves have previously been studied23 for electron energies

�30 keV using the CRRES data. The very narrow peaks in

the diffusion rates are found near 80�, which correspond to

diffusion by individual resonances, particularly the Landau

(n¼ 0) and n¼61 resonances. The high-order resonances

occur at smaller pitch angles and add in such a way as to

give a smoother profile. In the present study for electron

energies �10 keV, we find almost similar results. However,

in this study, narrow peaks in Daa and Dpp profiles are

obtained due to Landau (n¼ 0) resonance, whereas the case

n 6¼ 0 produces smooth profiles (Figs. 11 and 13).

V. CONCLUSIONS

In the present study, we have calculated electron pitch

angle (Daa) and momentum (Dpp) diffusion coefficients due

to resonant interactions with ECH and whistler mode chorus

FIG. 12. Same as in Fig. 11 but for UBC waves. (a) Daa and (b) Dpp.

TABLE III. Resonant frequencies (�xr Þ of whistler mode waves for L¼ 4.6

at various PAs by considering Landau (n¼ 0) resonance and wave normal

angle 10� at three electron energies.

PA

0� 10� 20� 30� 40� 50� 60� 70� 80� 85�E

2 keV 0.23 0.22 0.19 0.16 0.12 0.08 0.05 0.02 0.005 0.0008

07.6 0.77 0.79 0.83 0.87 0.91 0.94 0.96 0.98 0.98

3 keV … … 0.37 0.27 0.19 0.12 0.07 0.03 0.007 0.002

… … 0.61 0.71 0.79 0.86 0.91 0.95 0.98 0.98

10 keV … … … … … … 0.33 0.12 0.03 0.006

… … … … … … 0.66 0.87 0.96 0.98

FIG. 13. Pitch angle (Daa) and momentum (Dpp) diffusion coefficients of

whistler mode (LBC) waves versus pitch angle for L¼ 6.8 at two energies

500 eV (solid line) and 1 keV (dashed line). Profiles are shown for both

Landau (n¼ 0) and (n 6¼ 0) resonances. (a) Daa and (b) Dpp.

FIG. 14. Same as in Fig. 13 but for UBC waves. (a) Daa and (b) Dpp.

TABLE IV. Same as in Table III but for L¼ 6.8 and electron energies

200 eV, 500 eV, 1 keV, and 10 keV.

PA

0� 10� 20� 30� 40� 50� 60� 70� 80� 85�E

200 eV 0.13 0.12 0.11 0.09 0.07 0.05 0.03 0.01 0.003 0.0003

0.86 0.86 0.87 0.89 0.91 0.94 0.96 0.97 0.98 0.98

500 eV … … 0.45 0.30 0.20 0.13 0.07 0.03 0.008 0.002

… … 0.53 0.69 0.78 0.85 0.91 0.95 0.98 0.98

1 keV … … … … … 0.36 0.17 0.07 0.02 0.004

… … … … … 0.62 0.82 0.91 0.97 0.98

10 keV … … … … … … … … 0.21 0.04

… … … … … … … … 0.77 0.94
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waves. Calculations have been performed at two spatial loca-

tions L¼ 4.6 and L¼ 6.8 corresponding to electron energies

�10 keV. In the calculation, Landau resonance (n¼ 0) and

cyclotron harmonic resonances n¼61, … 65 have been

included. Calculations have also been performed for individ-

ual resonances. Resonant frequencies are calculated for ECH

waves by considering the resonances n¼þ1, þ2, þ3 and

wave normal angle �89�. In case of whistler mode waves,

resonant frequencies are calculated for Landau (n¼ 0) reso-

nance at wave normal angle 10�. The main conclusion of

studies are summarized as follows:

(1) Large dips, oscillations, and gaps or banded structures

are seen in profiles of diffusion coefficients versus pitch

angle. These structures are more pronounced in diffusion

coefficients profiles for ECH and LBC waves particu-

larly at L¼ 4.6.

(2) In case of ECH waves, the major contribution to Daa

coefficients appears from harmonic resonances n¼þ1

and þ2, whereas in Dpp coefficients appears from þ2.

However, banded structures in Daa and Dpp coefficients

appear only for n¼þ2. For Landau and other harmonic

resonances, values of diffusion coefficients are in general

quite small or even negligible.

(3) For whistler mode chorus waves, the profiles of diffusion

coefficients are quite smooth for all harmonic resonances

included (n 6¼ 0). Banded structures appear only in the

profiles of diffusion coefficients for Landau (n¼ 0)

resonance.

(4) Diffusion coefficients profiles are in general consistent

with the calculated resonant frequencies.

(5) In ECH waves, the banded structures appear mainly for

electron energies �1 keV. But for LBC and UBC waves,

the structures appear for energies >2 keV for L¼ 4.6

and >200 eV for L¼ 6.8.

(6) For ECH waves, the values of Dpp coefficients are one to

two orders of magnitude smaller as compared to values

of Daa coefficients. For LBC and UBC waves, Dpp coef-

ficients is again in general an order of magnitude smaller

than Daa coefficients but only for the case n 6¼ 0. For

Landau resonance, the values of Dpp coefficients are gen-

erally larger than the values of Daa coefficients at ener-

gies 3 keV in case of L¼ 4.6 and 500 eV at 6.8.

(7) The “structures” have important implications for the

effect of waves on electrons. The whistler mode can hit

the Landau resonance for oblique propagation. The wave

could hit more than one resonance,28 that is, one reso-

nance will amplify it (cyclotron) and the other (Landau)

will damp it. This would, however, require two electron

components: a warm component with a small thermal

spread (background electrons) and a less dense hotter

component. The background electrons provide the damp-

ing and the hot electrons (represented by a bi-

Maxwellian distribution function) provide the drive. We

have found the orders of resonance that make the main

contributions to Daa and Dpp coefficients.

Further, the present work will be helpful in the study

of diffusion curves, which are the paths followed by the

electrons as they diffuse through the velocity space.

Many diffusion curves are possible for the interaction

with ECH waves depending on the order of resonance.

We find that the cyclotron resonances n¼þ1 and þ2

give the main contribution to diffusion coefficients. For

obliquely propagating whistler mode waves, the Landau

resonance produces the structures.

(8) These results will have important consequences for dif-

fuse aurora and pancake distributions. Highly anisotropic

electron velocity distributions, peaked near 90� to the

magnetic field, are called pancakes from their appear-

ance in velocity space. The distributions have been char-

acterized by a pancake index, which is the flux ratio

between 90� and 70�. It has been suggested31 that whis-

tler mode waves play a dominant role in the production

of diffuse aurora and in the formation of pancake distri-

butions outside L¼ 6.0, whereas inside L¼ 6.0, ECH

waves also play a significant role. Pancakes should form

as a result of wave-particle interaction if the particle dif-

fusion becomes weaker at a large pitch angle close to

90�. Diffuse aurora is controlled33 by the diffusion coef-

ficient Daa at the edge of the loss-cone. We find that the

ECH waves would contribute in the production of diffuse

aurora at cyclotron resonances n¼þ1 and þ2.

It may also be noted that at 1 keV, coefficient Daa for

cyclotron resonance n¼þ1 extends to pitch angles up to

about 40�. For n¼þ2, coefficient Daa for ECH waves

extends to larger pitch angles, about 60�–70� at L¼ 4.6 and

50�–60� at L¼ 6.8.

Therefore, both resonances would contribute to the for-

mation of pancake distributions.

The banded structures should be reflected in the pancake

distributions. The effect of banded structures is more pro-

nounced at L¼ 4.6 as compared to L¼ 6.8.

The whistler mode waves would contribute to the pro-

duction of diffuse aurora for all cyclotron resonances (n 6¼ 0).

Further, for LBC waves, all resonances (including Landau

resonance) would contribute to the formation of pancakes.

However, UBC waves would not contribute to the formation

of pancakes since coefficient Daa for UBC extends close to

pitch angle 90�. The coefficient Daa for LBC waves extends

to lower pitch angles of about 70�. As for ECH waves, the

banded structures should be reflected in the pancake distribu-

tions from LBC waves.
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